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*LURQD&DPSXV1RUG'%DUFHORQD6SDLQ
$EVWUDFW:HVKRZDQDO\WLFDOO\QXPHULFDOO\DQGH[SHULPHQWDOO\WKDWDWUDQVYHUVHO\VWDEOH
RQHGLPHQVLRQDO >'@ EULJKW .HUU VROLWRQ FDQ H[LVW LQ D ' EXON PHGLXP  7KH
WUDQVYHUVH LQVWDELOLW\ RI WKH VROLWRQ LV FRPSOHWHO\ HOLPLQDWHG LI LW LV PDGH VXIILFLHQWO\
LQFRKHUHQW DORQJ WKH WUDQVYHUVH GLPHQVLRQ :H GHULYH D FULWHULRQ IRU WKH WKUHVKROG RI
WUDQVYHUVH LQVWDELOLW\ WKDW OLQNV WKH QRQOLQHDULW\ WR WKH ODUJHVW WUDQVYHUVH FRUUHODWLRQ
GLVWDQFHIRUZKLFKWKH'VROLWRQLVVWDEOH 
5HVHDUFKRQRSWLFDOVSDWLDOVROLWRQVKDVPDGHPXFKSURJUHVVGXULQJWKHSDVWGHFDGH
PDQ\ QHZ V\VWHPV WKDW VXSSRUW VROLWRQV KDYH EHHQ LGHQWLILHG VROLWRQV RI PRUH WKDQ RQH
WUDQVYHUVHGLPHQVLRQKDYHEHHQGHPRQVWUDWHGDQGDZKROHUDQJHRIVROLWRQLQWHUDFWLRQVZDV
H[SORUHG>@'HVSLWHWKHGLYHUVLW\RIWKHSK\VLFDOV\VWHPV WKDWVXSSRUW WKHPVROLWRQVDUHD
XQLYHUVDO SKHQRPHQRQ DQG VKDUH PDQ\ FRPPRQ IHDWXUHV >@ RQH RI ZKLFK LV 7UDQVYHUVH
,QVWDELOLW\ 7, >@ 7, LV D V\PPHWU\ EUHDNLQJ LQVWDELOLW\ DOPRVW DOO VROLWRQV >@ RI D
SDUWLFXODU GLPHQVLRQ WKDW SURSDJDWH LQ D KLJKHU GLPHQVLRQ V\VWHP E\ KDYLQJ D XQLIRUP
ZDYHIXQFWLRQLQWKHDGGLWLRQDOGLPHQVLRQVDUHXQVWDEOHWRSHUWXUEDWLRQV LQ WKHGLPHQVLRQV
LQZKLFK WKH\ DUHXQLIRUP7,RFFXUVEHFDXVHSHUWXUEDWLRQV LQ WKHGLPHQVLRQ RI XQLIRUPLW\
KDYH QRWKLQJ WR UHVWUDLQ WKHP IURP JURZLQJ GULYHQ E\ WKH QRQOLQHDULW\ DQG EUHDNLQJ WKH
VROLWRQXS
,Q WKH SDUWLFXODU FDVH RI D VSDWLDO RSWLFDO ' VROLWRQ WKDW LV VHOIWUDSSHG LQ RQH
GLPHQVLRQ[LVXQLIRUPLQWKHWUDQVYHUVHGLPHQVLRQ\DQGLVSURSDJDWLQJDORQJ]7,FDXVHV
WKH VROLWRQ WR EUHDN XS DORQJ \ LQWR DQ DUUD\ RI ' ILODPHQWV >@ 7KH
WUDQVYHUVHZDYHOHQJWK RI WKHVH SHUWXUEDWLRQV LV XVXDOO\ PXFK ODUJHU WKDQ WKH VROLWRQZLGWK
>@7UDQVYHUVHLQVWDELOLW\LVHVSHFLDOO\VHYHUH IRU.HUUQRQOLQHDULWLHVDQGSURKLELWVVSDWLDO
'.HUU VROLWRQV LQ D EXONPHGLXP 7KLV LV ZK\ VSDWLDO ' .HUU VROLWRQV KDYH WR EH
ODXQFKHGLQDSODQDUZDYHJXLGHFRQILJXUDWLRQLQZKLFKWKH\FRQILQHPHQWLVPXFKQDUURZHU
WKDQ WKH VHOIWUDSSHG VROLWRQ ZLGWK LQ [ >@ 7, DFWXDOO\ RFFXUV IRU VROLWRQV LQ DQ\
QRQOLQHDULW\LQFOXGLQJIRUH[DPSOHTXDGUDWLFVROLWRQV>@DQGSKRWRUHIUDFWLYHVROLWRQV>@
,QWHUHVWLQJO\VDWXUDWLRQDUUHVWVWUDQVYHUVHLQVWDELOLW\>@EXWQHYHUFRPSOHWHO\HOLPLQDWHV LW
,QIDFWLW LVWKHVXSSUHVVLRQRI7,GXHWRVDWXUDWLRQWKDWIDFLOLWDWHVWKHREVHUYDWLRQRIVWDEOH
'VROLWRQVLQDEXONSKRWRUHIUDFWLYHFU\VWDOIRUPRUHWKDQGLIIUDFWLRQOHQJWKV>@
7KXV IDU LQRUGHU WR DYRLG7, H[SHULPHQWVZLWK ' VROLWRQVZHUH HLWKHU FRQGXFWHG LQ
SODQDUZDYHJXLGHV>@RULQQRQOLQHDULWLHVLQZKLFK7,ZDVJUHDWO\VXSSUHVVHG>@+HUHZH
GHPRQVWUDWH KRZ WR SURGXFH D WUXO\ VWDEOH VWULSH .HUU VROLWRQ SURSDJDWLQJ LQ D ' EXON
PHGLXPZLWKRXW VXIIHULQJ IURP WUDQVYHUVH LQVWDELOLW\:H VKRZ WKDW LI WKH VROLWRQ LV PDGH
³VXIILFLHQWO\´LQFRKHUHQWLQLWVWUDQVYHUVHGLPHQVLRQ\WKHQ7,LVFRPSOHWHO\HOLPLQDWHG
%HIRUHSURFHHGLQJ WR7, LW LV HVVHQWLDO WR UHFDOO LQFRKHUHQW VROLWRQV7KHVH DUH VROLWRQV
PDGHRISDUWLDOO\LQFRKHUHQWOLJKWRUVHOIWUDSSHGZHDNO\FRUUHODWHGZDYHSDFNHWV>@7KH\
DUHPXOWLPRGHVSHFNOHGEHDPVRIZKLFK WKH LQVWDQWDQHRXV LQWHQVLW\GLVWULEXWLRQ LV YDU\LQJ
UDQGRPO\ ZLWK WLPH ,I VXFK EHDPV DUH ODXQFKHG LQWR D QRQLQVWDQWDQHRXV VHOIIRFXVLQJ
PHGLXP VXFK WKDW WKH UHVSRQVH WLPH RI WKH QRQOLQHDULW\ JUHDWO\ H[FHHGV WKH FKDUDFWHULVWLF
IOXFWXDWLRQWLPHWKHQVHOIIRFXVLQJLVGULYHQVROHO\E\ WKHDYHUDJH LQWHQVLW\ ,Q WKLVPDQQHU
WKHLQFRKHUHQWEHDPLQGXFHVDPXOWLPRGHZDYHJXLGHDQGWUDSVJXLGHVLWVHOILQLWE\SURSHUO\
SRSXODWLQJWKHJXLGHGPRGHVWKXVIRUPLQJDQLQFRKHUHQWVROLWRQ>@
$ FOXH WKDW 7, FRXOG EH FRPSOHWHO\ HOLPLQDWHG IRU VROLWRQV ZDV JLYHQ E\ WZR UHFHQW
GLVFRYHULHV 0RGXODWLRQ ,QVWDELOLW\ 0, RI LQFRKHUHQW OLJKW >@ DQG HOOLSWLFDO LQFRKHUHQW
VROLWRQV >@ 0, EHORQJV WR WKH VDPH IDPLO\ RI V\PPHWU\ EUHDNLQJ LQVWDELOLWLHV DV 7,
GRHVDQG LWRFFXUVZKHQDSODQHZDYHRUDYHU\EURDGEHDPRUSXOVH LV ODXQFKHG LQWR D
VHOIIRFXVLQJPHGLXP,WLVZHOOHVWDEOLVKHGWKDWLIWKHSODQHZDYHLVIXOO\FRKHUHQW LWEUHDNV
XS LQWR D WUDLQ RI ILODPHQWV GXH WR 0, 5HFHQWO\ LW KDV EHHQ VKRZQ WKHRUHWLFDOO\ DQG
H[SHULPHQWDOO\ >@ WKDW0,GRHV H[LVWV DOVR IRU LQFRKHUHQW OLJKW EXW LW RFFXUV RQO\ LI WKH
QRQOLQHDULW\ H[FHHGV D ZHOOGHILQHG WKUHVKROG 7KH 0, WKUHVKROG LV GHWHUPLQHG E\ WKH
FRKHUHQFHRI WKH OLJKW ,I WKHQRQOLQHDULW\ LVEHORZWKUHVKROG WKHQ0, LVHOLPLQDWHGDQG WKH
ZDYHLVVWDEOH7KLVJHQHULFLGHDKDVHQDEOHGWKHREVHUYDWLRQRIDQWLGDUNVROLWRQV>@ZKLFK
ZHUH WKRXJKW WR EH XQVWDEOH LQ FRQVHUYDWLYH QRQOLQHDU V\VWHPV >@ 7KH QHZ ILQGLQJ RI
LQFRKHUHQW HOOLSWLFDO VROLWRQV ZKLFK FDQ H[LVW LQ ORJDULWKPLF >@ DQG VDWXUDEOH >@
QRQOLQHDULWLHV LV EDVHG RQ KDYLQJ GLIIHUHQW FRKHUHQFH SURSHUWLHV IRU WKH WZR WUDQVYHUVH
GLPHQVLRQVRI VHOIWUDSSLQJ DQLVRWURSLF FRKHUHQFH IXQFWLRQ >@&RPELQJ WKHVH LGHDV
RQH FDQ JHQHUDWH D ' VROLWRQ WKDW LV IXOO\ FRKHUHQW LQ [ GLUHFWLRQ RI WUDSSLQJ SDUWLDOO\
LQFRKHUHQWEXWXQLIRUPLQ\DQGSURSDJDWLQJDORQJ]7KHLQWLPDWHUHODWLRQEHWZHHQ7,DQG
0, VXJJHVWV WKDW 7, RI LQFRKHUHQW EHDPV VKRXOG DOVR H[KLELW D WKUHVKROG IRU LWV H[LVWHQFH
7KHUHIRUHLIWKHGHJUHHRIFRKHUHQFHLQ\LVVXFKWKDW7,LVEHORZWKHWKUHVKROGDOOWUDQVYHUVH
SHUWXUEDWLRQVDUHVXSSUHVVHGDQG7,LVHOLPLQDWHGDOWRJHWKHU7KLVLVFRUHLGHDRIRXU/HWWHU
7KHLGHDRIXVLQJWKHWKUHVKROGWRHOLPLQDWH7,DSSOLHVWRDQ\W\SHRIQRQOLQHDULW\\HWIRUWKH
UHVWRIWKLV/HWWHUZHFRQFHQWUDWHRQWKH.HUUQRQOLQHDULW\IRUWZRPDLQUHDVRQV)LUVWZDYH
SURSDJDWLRQLQ.HUUPHGLDLVGHVFULEHGE\WKHFXELFQRQOLQHDU6FKURGLQJHUHTXDWLRQ1/6(
ZKLFKLVRQHRIWKHPRVWJHQHUDOVROLWRQHTXDWLRQV>@LWGHVFULEHVVROLWRQVDWOHDVWLQVRPH
OLPLW LQ FDSLOODU\ ZDYHV JUDYLW\ ZDYHV GHHS ZDWHU ZDYHV VKDOORZ ZDWHU ZDYHV SODVPD
ZDYHV DQGRSWLFV*HQHUDOO\ VSHDNLQJ WKH1/6(GHVFULEHV HQYHORSH VROLWRQV LQ GLVSHUVLYH
ZDYHV\VWHPVZLWKZHDNV\PPHWULFDQKDUPRQLFLW\7KHVHFRQGUHDVRQLVWKDWWKHHIIHFWRI7,
IRU .HUU VROLWRQV LV YHU\ VWURQJ DQGZH FDQ GHPRQVWUDWH D FRQYLQFLQJ GLIIHUHQFH EHWZHHQ
KDYLQJ7,DQGHOLPLQDWLQJ7,E\PDNLQJWKHVROLWRQLQFRKHUHQWDORQJ\
7RIRUPDOL]HWKHSUREOHPZHXVHWKHUDGLDWLRQWUDQVIHUPHWKRG>@$QLQFRKHUHQWEHDP
FDQEHFRQVLGHUHGDVDVHULHVRIFRKHUHQWVSHFNOHVWKDWFKDQJHRQDYHUDJHHYHU\FRKHUHQFH
WLPH WFRK :H GHILQH %[ \[ \ ]    (
[ \ ]W([ \]W !  WKH VSDWLDO
FRUUHODWLRQ IXQFWLRQZKHUH([\]W LV WKH VORZO\ YDU\LQJ DPSOLWXGH 7KH EUDFNHWV GHQRWH
DYHUDJLQJRYHUWKHUHVSRQVHWLPHRIWKHPHGLXPWZKLFKLVPXFKODUJHUWKDQWFRK)URPWKH
SDUD[LDOZDYHHTXDWLRQZHJHW>@
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:HDUHLQWHUHVWHGLQGHWHUPLQLQJWKHWKUHVKROGFRQGLWLRQWKDWLVWRILQGWKHFRQGLWLRQV
XQGHUZKLFKWKHJURZWKUDWHJDJRHVIURPDSRVLWLYHYDOXHWRDQHJDWLYHYDOXHIRUDOOD
7KHSURFHGXUHRIGHWHUPLQLQJWKHWKUHVKROGDSSOLHVWRDQ\IRUPRIVSDWLDOFRKHUHQFHDQJXODU
SRZHUVSHFWUXPEXWIRUVLPSOLFLW\ZHFRQVLGHUDQLQLWLDO*DXVVLDQDQJXODUSRZHUVSHFWUXP
LH @H[S>  N$ \\Q TUU  ZKHUHTRGHILQHVWKHGHJUHHRIFRKHUHQFHWKHFRUUHODWLRQ
GLVWDQFH 7KHKLJKHUTR WKHPRUHLQFRKHUHQWWKHVROLWRQLV)RUDIXOO\FRKHUHQWVROLWRQ LI
ZHZHUH WR FDOFXODWH WKHJURZWK UDWHJDV D IXQFWLRQ RI WUDQVYHUVHZDYHQXPEHUD WKHQJ
VWDUWV IURP DWD  LQFUHDVHV DQG UHDFK DPD[LPXPSRVLWLYHYDOXH DW WKHZDYHQXPEHU
ZLWK WKH ODUJHVW JURZWK UDWH DQG WKHQ GURSV EDFN WR  DWD DVVRFLDWHG ZLWK WKH FXWRII
ZDYHOHQJWK>@7KLVPHDQVWKDWIRUDFRKHUHQWVROLWRQWKHJURZWKUDWHLVSRVLWLYHDQG7,
H[LVWVIRUDEDQGRIZDYHQXPEHUVDEHWZHHQ]HURDQGWKHFXWRIIZDYHQXPEHU)RUDVROLWRQ
WKDW LV SDUWLDOO\FRKHUHQW LQ\ZHH[SHFW WKDW LI7,RFFXUV WKHQJDZLOO EHSRVLWLYH IRU D
EDQGRIZDYHQXPEHUVMXVWOLNHLQWKHFRKHUHQWFDVH2QWKHRWKHUKDQGLI7,GRHVQRWRFFXU
WKHQJDZLOOEHQHJDWLYHIRUDOOD,QRWKHUZRUGVLIZHVWDUWIURPTRVPDOOHQRXJKDEHDP
WKDW LV FRKHUHQW HQRXJK JD ZLOO EH SRVLWLYH LQ D EDQG RI ZDYHQXPEHUV MXVW OLNH WKH
FRKHUHQWFDVH%XWDVTRLQFUHDVHVWKLVEDQGEHFRPHVQDUURZHUXQWLOLWFRPSOHWHO\GLVDSSHDUV
DW VRPH YDOXH TR7 ,I TR LV ODUJHU WKDQ WKLV YDOXH WKHQ WUDQVYHUVH LQVWDELOLW\ LV FRPSOHWHO\
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VPDOO SHUWXUEDWLRQ ZLOO DOWHU WKH FRKHUHQFH VWDWLVWLFV RI WKH VROLWRQ 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LQWHQVLW\DORQJ\IRU[ ,Q)LJ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DQGIXOO\FRKHUHQWLQ[\HWXQLIRUPDQGSDUWLDOO\LQFRKHUHQW\7RGRWKDWZHXVHDF\OLQGULFDO
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SUHGLFWLRQRIRXUWKHRU\E\JUDGXDOO\LQFUHDVLQJWKHLQFRKHUHQFHLQ\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EHDP VHOIWUDSV IRUPLQJ D VROLWRQ LQ [:KHQ WKH EHDP LV IXOO\ FRKHUHQW WKHQ WKH VROLWRQ
VXIIHUVIURP7,DQGEUHDNVXSLQWRILODPHQWV>)LJ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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RD7KHLQSXWLQWHQVLW\E
7KHRXWSXWEHDPDIWHUFPRISURSDJDWLRQIRUDIXOO\FRKHUHQWEHDPT RVKRZLQJWKDW
WKHVROLWRQLVGHVWUR\HGE\7,F7KHRXWSXWEHDPFORVH WR WKH WKUHVKROGIRUT R
DIWHUFPRISURSDJDWLRQDV WKH WKUHVKROG LVDSSURDFKHG WKH7,JDLQ LV UHGXFHGDQG LW
WDNHV D ORQJHU SURSDJDWLRQ GLVWDQFH EHIRUH 7, LV HYLGHQW G 7KH RXWSXW EHDP IRU T  
R ZKLFK LV EHORZ WKH WKUHVKROG DIWHU  FP RI SURSDJDWLRQ  7, LV FRPSOHWHO\
HOLPLQDWHG
)LJXUH  ([SHULPHQWDO UHVXOWV LQ D SKRWRUHIUDFWLYH 6%1 FU\VWDO LQ WKH .HUU UHJLPH
LQWHQVLW\UDWLRaD7KHLQSXWPP):+0EHDPE7KHRXWSXWEHDPDIWHUPP
RI OLQHDUGLIIUDFWLRQZKHQQRQOLQHDULW\ LV RII F G H VKRZ WKH RXWSXW EHDPVZLWK DQ
DSSOLHGILHOGRIN9FPIRUYDULRXVGHJUHHRIFRKHUHQFHDORQJ\DQGDOORWKHUSDUDPHWHUV
NHSWFRQVWDQWF$IXOO\FRKHUHQWVROLWRQEUHDNVXS LQWR ILODPHQWVEHFDXVHRI7, G7KH
VROLWRQLVPDGHLQFRKHUHQWDORQJ\EXWZLWKODUJHVSHFNOHVL]HVaPPVPDOOTDQGVWLOO
GLVSOD\V D VWURQJ 7, H 7KH VSHFNOH VL]HV DUH UHGXFHG WR a  PP 7, LV FRPSOHWHO\
HOLPLQDWHG
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